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Singing the Moly Blues:
The Direct Use of Molybdenum
Clusters as a Precursor to the
Development of Molybdenum
Blue Glazes
MARGARET FIEDLER
Maggie is currently a senior,
graduating in May of 2009 with a
major in Chemistry and a minor in
Art. She has been interested in glaze
chemistry since she took Ceramics II
with Preston Saunders and has been
perusing this research for two years
under the guidance of Dr. Steven
Haefner. She has received a summer
ATP grant and three semester ATP

C

obalt is currently the most commonly used blue colorant for ceramic
glazes, however due to its toxicity in powder form there is a need for
an alternative. Molybdenum, more speciﬁcally molybdenum oxide,
is one alternative that has shown promise. This research is aimed at
the direct incorporation of reduced molybdenum clusters into the glaze matrix.
Two compounds have been synthesized that exhibit an intense blue color, Na15[M
oVI126MoV28O457H14(H2O)70]0.5-[MoVI124MoV28O427H14(H2O)68]0.5 and Na21[MoVI1
MoV28O462H14(H2O)54(H2PO2)7]. These clusters were incorporated directly into
26
the glaze and ﬁred under a variety of conditions. Under oxidizing conditions,
a series of whites, clear, and pale blue glazes were observed. Under reducing
conditions gray and blue-gray glazes were obtained. Such results indicate the
sensitive nature of the two compounds while under the intense oxidizing and
reducing kiln atmospheres.

grants. Maggie hopes to attend
graduate school for ceramic chemistry
or ceramic engineering and plans
to continue understanding of the
relationship between clay and glazes.

Introduction
Ceramic glazes are made up of the same components as glass, mainly silica
with a ﬂux to lower the melting point and a metal oxide to add color. They
can be thought of simply as customized glass with aluminum oxide added to
increase viscosity. Glaze compositions are speciﬁc to the melt temperature,
color desired, and texture the potter is trying to achieve. It takes the proper
chemicals in the proper amounts to achieve the desired effects, most of which
are discovered through the painstaking process of trial and error.1
Glazes are mixed in the powder form and water is added to form a suspension
the consistency of cream. This suspension is then applied to a clay body and
ﬁred in a kiln up to 1300°C. During the ﬁring process, powdered minerals
melt and react with one another, volatile compounds are driven off, and
fusion eventually occurs to make a uniform melt. The glaze interacts with
the clay body itself forming an interface layer which allows the glaze to adhere
to the clay.1
Cobalt oxide is currently the most widely used colorant for blues. Problems
have surfaced regarding cobalt’s toxicity in the powder form.10 Since glazes are
mixed and stored in the powder form this hazard becomes an increasing issue
for factory workers, as well as studio potters, some of which work in studios
that are not properly ventilated. Cobalt2+ is a probable human carcinogen
and if inhaled can cause a gamut of respiratory problems from asthma to lung
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cancer.2, 10 In the search for an alternative, molybdenum oxides
have shown promise.3
Molybdic acid has been used as a stain of porcelain stoneware
showing promising results.5 Also, acidiﬁed molybdenum
(VI) oxide solutions have been directly applied to a variety of
ceramic supports and ﬁred under reducing conditions, resulting
in the partial reduction of some of the molybdenum centers
to molybdenum (V). The ﬁred glazes were a series of muted
grays-blues, blacks, and browns depending on atmospheric
conditions.3
Molybdenum oxides sometimes exhibit a brilliant blue color.6
Natural “molybdenum blues” can be seen in the mineral
illsemannite and in the “blue waters” of the Idaho springs.9
The phenomenon known as “molybdenum blue” has been
well documented since the 1700’s but it wasn’t until 1996 that
Achim Muller and his team characterized the molybdenum
species responsible for it.8 They isolated a number clusters
that, under speciﬁc conditions, group together to form larger
more extended wheel-like Mo clusters (as seen in Fig. 1). These

Results and Discussion
Synthesis of Molybdenum Blue Clusters: Na15[MoVI126
Mo V28O 457H 14(H 2O) 70] 0.5-[Mo VI124Mo V28O 427H 14(H 2O) 68] 0.5
hydrate (I) and Na21[MoVI126MoV28O462H14(H2O)54(H2PO2)7]
hydrate (II)
The synthesis of Na15[MoVI126MoV28O457H14(H2O)70]0.5[MoVI124MoV28O427H14(H2O)68]0.5 hydrate (I) and Na21[MoVI
MoV28O462H14(H2O)54(H2PO2)7] hydrate (II) were carried
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out following procedures ﬁrst established by Muller.7 The
exact stoichiometry established by Muller is shown below in
equations (1) and (2). Both mixed-valent molybdenum clusters
were obtained by partial reduction of sodium molybdate in
aqueous acidic solutions. In the case of I, sodium dithionite
was used as the reducing agent. In the synthesis of II sodium
hypophosphite is used as the reducing agent. This results in
the incorporation of H2PO2- into the cluster framework which
helps maintain the integrity of the wheel-like structure. The
intermediates in the hypophosphite reduction to form II
were found to be somewhat oxygen sensitive and required the
purging of the solution with an inert gas. In both syntheses, a
dark blue solution is formed within minutes. Compunds I and
II ultimately crystallize from solution after sitting undisturbed
for several days. Compound I had a high yield of dark blue
crystals after three days at rest. Compound II showed a high
yield but also showed the presence of a blue green contaminant.
In an attempt to control contamination, crystals were harvested
after only two days. The resulting sample had a lower yield but
was at a much higher purity as evidenced by a much cleaner
IR spectra.
154 MoO42- + 14 S2O42- + 322 H+ → [MoVI126MoV28O462H14
(H2O)70]14- + 28 SO2 + 84 H2O (1)
154 MoO42- + 21 H2PO2- + 294 H+ → [MoVI126MoV28O462H14
(H2O)54(H2PO2)7]21- + 14 H2PO3- + 86 H2O (2)

Figure 1: Polyoxomolybdate “Wheel”

wheel-like structures contain smaller Mo(VI)/(V) subunits that
are linked through bridging oxygen atoms. The characteristic
color occurs as a results of intervalent charge transfers between
the wheel’s Mo(V) and Mo(VI) centers.7 The molybdenum
species absorb light causing the transfer of an electron from
a Mo(V), singly occupied orbital, to a Mo(VI), an empty dorbital.8 This charge transfer is more energetic than the d-d
transitions of cobalt and therefore produces a stronger color.
The goal of this project is to isolate this color in a ceramic glaze
by incorporating the reduced molybdenum species directly
into the glaze matrix.
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Nine samples of both I and II were obtained and characterized
two ways. A few dark blue crystals of each sample were dissolved
in a 0.1M HCl solution and run on a UV-VIS spectrometer.
All nine samples for each compound showed the characteristic
absorbance at 745nm-1 and 1030nm-1 as shown in Fig. 2. All
samples were also run twice on a Perkin Elmer IR with a Pike
MIRicle ATR attachment, once without sample prep and
once after grinding. Bands were observed at 1616, 975, 913
(Mo=O), 820, 750, 630, and 555cm-1 corresponding with the
literature for I. The addition of bands at 1124, 1076, and
1039cm-1 were seen for compound two corresponding to the
attached phosphite.
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Stains. Stains made with both compounds one and two in
water and acid did not appear to support the colorants when
placed on bone dry clay and ﬁred to cone 04 (1063°C). Similar
results were obtained from staining bisqued stoneware ﬁred
to cone 6 (1222°C). Bisqued sample wells containing loose
crystals of compound one and compound two showed signs of
yellowish staining, as well as a white crystalline residue, after
being ﬁred to cone 6.
Base Glaze in Water and Acid. Base glazes were tested
incorporating both I and II in water and acid at both high
and low concentration. Before ﬁring, these glazes were a series
of blues and blue-grays varying with concentration and time
elapsed. After being ﬁred to cone 6, all sample tiles mixed with
water were white silky matt in color. All tiles that were mixed
with 1M HCl were primarily clear with areas of mottled white
matt coloration.
Glaze Component Bleaching Test. It was observed that over
a period of time the blue unﬁred tiles would bleach to white.
Several attempts were made to control and understand what
was causing the loss of color. After each compound was tested
in water and acid with each of the ﬁve glaze components, potash
feldspar, zinc oxide, silica, whiting, and kaolin, it was observed
that the whiting and the zinc oxide both readily bleach out each
compound completely in only a matter of twenty minutes.

Figure 2: UV-VIS spectra for compounds one and two

90:10 Aluminum Oxide/Colorant Grind. Early attempts to
incorporate molybdenum into a glaze matrix under reducing
conditions are outlined in “Gray-Blue Al2O3-MoOx Ceramic
Pigments: Crystal structure, colouring mechanisms, and
performance” by Michele Dondi and team. Their research
called for a 90:10 by weight grind of aluminum oxide and
molybdenum oxide (MoO3). This grind was ﬁred under
reducing conditions to cone ten (1300°C) in a crucible
resulting in pigment “AM10,” with which they had the best
results: gray-blues. Our aluminum oxide grind of both I and
II were varying shades of blue after ﬁring in a crucible to cone
ten in oxidation.
Glaze Test Results. All tests are reported in chronological
order. Each test inﬂuences and inspired the tests that come
after and each failure lead to new ideas and creative problem
solving.
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Glaze Alterations. Based on the knowledge that both whiting
and zinc oxide drained compounds one and two of their color,
and aluminum oxide seemed to protect it, alterations were
made in the glaze formula. Four glazes were chosen for testing,
glaze unaltered, glaze without whiting, glaze without whiting
with aluminum oxide substituted for zinc oxide, and glaze with
aluminum oxide substituted for zinc oxide. Tiles of all glazes,
both alone and with the addition of compound two, in water
and acid were ﬁred to cone six, after which most lost their color.
Only one tile showed a tint of blue, base glaze without whiting
substituting aluminum oxide for zinc oxide with compound
two. As seen in Fig. 3.
Colorant Concentration. Separate concentrations, (2, 4,
and 6%), of two colorants, compound two and aluminum
oxide/compound two grind, showed little variation after ﬁring.
Tiles containing compound two were a darker tint that those
containing the aluminum oxide grind, with the darkest being
at 6%. However, all tiles were still primarily white.
Colorant Concentration in the Presence of Argon. In an
attempt to control or limit the oxidizing atmosphere during
ﬁring, a ﬂow of argon was introduced through a needle at the
base seam of the kiln. The stream of argon was kept constant
2009 • THE UNDERGRADUATE REVIEW • 39

Concentration
Test

2% Compound
two

4% Compound
two

6% Compound
two

2% Al2O3
Compound two

4% Al2O3
Compound two

6% Al2O3
Compound two

G200

2.2371g

1.1181g

0.7456g

0.8985g

0.4493g

0.2998g

Al2O3

0.7670g

0.3836g

0.2553g

0.3081g

0.1550g

0.1030g

Silica

1.5330g

0.7669g

0.5115g

0.6155g

0.3071g

0.2049g

Kaolin

0.3197g

0.1600g

0.1060g

0.1289g

0.065g

0.0422g

HCI

small amount

small amount

small amount

small amount

small amount

small amount

Compound two

0.1278g

0.1278g

0.1275g
0.0513g

0.0511g

0.0516g

light robins egg
blue

robins egg blue

darker powder
blue

white

white

white

Al2O3:compound
two
Observations
before ﬁring

blue grey

slightly darker
blue grey

darkest blue grey

Observations after slightly off white slightly off white
most off white
ﬁring
with some yellow with some yellow with some yellow
green staining
green staining
green staining
Figure 3: Glaze formulation

through the entire ﬁring process and the concentration test was
carried out again. After ﬁring the tiles containing compound
two showed more of a blue tint than before, also the tiles
containing the aluminum oxide grind were tinted a slight blue.
Still, these colorations are not strong enough to be signiﬁcant.
Addition of Antioxidants. In another attempt to better
control oxidation, silicon carbide and activated carbon were
added to the glaze mixture at 2%. Silicon carbide reacts with
oxygen readily to form silicon dioxide and carbon dioxide
while activated carbon reacts to form carbon dioxide. Both
are very active under oxidizing conditions, making them
ideal candidates for selective oxidation in the glaze mixture.
We hoped that these compounds would oxidize well before
compounds one and two therefore acting as a protecting agent
for the colorant. In addition to these additives, zinc metal was
substituted for zinc oxide. During ﬁring, the zinc metal should
oxidize to form the zinc oxide that it is replacing. After ﬁring,
the tiles containing silicon carbide remained a tint of blue,
including the control. The tiles containing activated carbon
went white, while tiles containing zinc metal in base glaze
without whiting remained a tint of blue. All tiles using base
glaze without alteration went white.
Reduction Results. A small Raku kiln was altered and ﬁred
with propane to create a good reduction kiln (as seen in Fig.
4). This kiln was only able to be ﬁred once due to time and
fuel restraints. Over a period of four hours the kiln was ramped
to just below cone six with heavy reduction at cone 08 and at
cone ﬁve. Seventy-two tiles were tested giving the following
results.
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Figure 4: Modiﬁed Raku kiln

Base glaze. Both I and II in acid and water turned a silverygray while molybdenum oxide in acid and water behaved as
a silvery-gray lichen glaze which crazed but did not ﬂake off.
The unﬁred aluminum oxide/molybdenum oxide grind went
glossy while in water while in acid it behaved as a glossy white
lichen glaze. Both unﬁred aluminum oxide/compound one
and two went white in both acid and water while the ﬁred
aluminum oxide/compound one and two went clear in both
acid and water. The ﬁred aluminum oxide/molybdenum oxide
grind showed obvious blue gray in both acid and water. The
yellow tungsten compound went clear in both acid and water,
and the yellow molybdenum oxide compound did not dissolve
in glaze leaving mottle black surrounded by glossy white (see
Figures 5 and 6).
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Figure 5: Reduction before ﬁre

Base glaze without whiting. The control tiles went white
in both acid and base while compound one went light gray in
water and slightly darker in acid. Compound two went gray
in water and blue gray in acid. The molybdenum oxide went
very dark gray in both acid and water. All unﬁred and ﬁred
aluminum oxide grinds in water and acid went white and both
yellow compounds went white with areas of mottled black.
Base glaze substituting aluminum oxide for zinc oxide. All
control tiles went white in both acid and water. Compound one
went dark gray in water and light gray in acid while compound
two went gray in both acid and water. The molybdenum oxide
went darker blue gray in both acid and water. The tungsten
compound went white with small areas of mottled black in both
acid and water, and the yellow molybdenum oxide compound
went white in acid and white with mottle black in water.
Stains. Compound one went dark gray in water and more so
in acid while compound two went dark gray blue in water and
more so in acid. The molybdenum oxide went gray in both
acid and water.
Conclusions
Although no deep blues were obtained, there is evidence that
at least some of the compound maintained through ﬁring.
Better characterization of the ﬁred compound needs to be
carried out using x-ray powder diffraction to determine exactly
which phases and oxidation states are being seen. We were
able to reproduce the literature ﬁndings without the use of
hydrogen, despite the difference in kiln atmospheres. It seems
that we are over reducing and over oxidizing the compounds,
possibly down to molybdenum metal during reduction. There
is potential to achieve the desired results with further tests on
ﬁring conditions to ﬁnd the optimal atmosphere. In the future
we would like to characterize the ﬁred tiles using x-ray powder
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Figure 6: Reduction after ﬁre

diffraction and perform more tests under a variety of ﬁring
conditions. To make this possible, we also aspire to design and
build a small reduction test kiln so to use both space and fuel
more efﬁciently and to be able to run multiple ﬁrings through
the coming semester.
Experimental
General Synthetic Procedures. The molybdenum clusters
were obtained from modiﬁcation of previous reported literature
procedures.7 All manipulations were carried out in air unless
noted otherwise. All chemical reagents were obtained from
commercial sources and used as received.
Na15[MoVI126MoV28O457H14(H2O)70]0.5[MoVI124MoV28O427H
(H2O)68]0.5 hydrate (I). An amount of Na2MoO4·2H2O
14
(3.00 g, 0.0124 mol) was added to 10 mL deionized water
with a spin vane producing a colorless solution. While stirring
vigorously, 0.200 g Na2S2O4 (0.0011 mol) was added to the
solution followed immediately by 30 mL 1.0 M HCl (aq). This
resulted in a mustard yellow solution that abruptly changed to
dark blue. The solution was allowed to stir for twenty minutes
before being sealed and left undisturbed for three days. After
this period, the still dark blue solution was vacuum ﬁltered
through a medium porosity glass fritted funnel. Dark blue
crystals were obtained and washed with a very small amount of
ice cold water. Yield, 0.340 g
Na21[MoVI126MoV28O462H14(H2O)54(H2PO2)7] hydrate (II) A
125 ml Erlenmeyer ﬂask with a spin vane was charged with
Na2MoO4·2 H2O (3.00 g, 0.0124 mol) were combined with
1.00g NaCl in 25 mL 1.1M HCl (aq). The clear solution was
then stirred and purged with argon for ten minutes before the
addition of 0.200 g NaH2PO2·H2O (0.0019 mol). The solution
was stirred under argon for thirty minutes before it was sealed
and left to sit undisturbed for three days. After three days,
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the dark blue crystals were collected using a medium porosity
glass fritted funnel with the aid of a vacuum and washed with
a small amount of ice cold water. Yield, 0.630 g.
Preparation of 90:10 by weight aluminum oxide/colorant
grinds. To mimic literature, 90:10 by weight mixtures of
aluminum oxide/compound one, aluminum oxide/compound
two, and aluminum oxide/molybdenum oxide were made by
grinding the two components together using a mortar and
pestle. Half of each grind was set aside, while the other half
was placed in a crucible and ﬁred to cone 10 (1300˚C).
Preparation of glazes. All glaze materials were obtained from
Shefﬁeld Pottery. The glazes were mixed in individual batches,
an example is shown in ﬁgure three. The base glaze used
consisted of 35% potash feldspar, 24% zinc oxide, 22% silica,
12% calcite (whiting), and 5% kaolin (EPK).
Preparation of modiﬁed glazes.
There were a few
modiﬁcations to the base glaze that were used independently
and in conjunction with each other. In some cases whiting
was removed, zinc oxide was replaced by aluminum oxide, and
several antioxidants were added.
Preparation of test tiles. All tiles were made using B-mix, a
white stoneware clay body that mimics porcelain from Laguna
Clay. All oxidation ﬁrings were done in a small Sentry X-press
test kiln to cone 04 (1063˚C) for bisque and to cones 6-10
(1222-1285˚C) for glaze ﬁre. The reduction was done in a
modiﬁed Raku kiln fueled with propane. All glazes prepared
in acid used a 1M solution of HCl.
Stains. Stains were made up in both high and low concentrations
of compounds one and two in both acid and water. The stains
were then applied to green ware or unﬁred clay body. Small
amounts of compound one, compound two, and aluminum
oxide/compound two grind were kneaded into small pieces of
clay. All tiles were ﬁred to cone 04 in oxidation. This test
was repeated with stains on bisqued clay bodies and ﬁred to
cone 6.
Base glaze in water and acid. Compounds I and II were
incorporated into the base glaze at low and high concentrations
in both acid and water. The various shades of blue tiles were
then ﬁred to cone 6 in oxidation.
Glaze component test. Small amounts of I and II were
combined with a small amount of each glaze component in
water and acid and monitored over a period of an hour and
then left overnight.
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Glaze alterations. Four glazes were chosen for further testing:
base glaze without alteration, base glaze without whiting, base
glaze substituting aluminum oxide for zinc oxide, and base
glaze without whiting and substituting aluminum oxide for
zinc oxide. Tiles for all four glazes were tested in water and
acid both alone and with the addition of compound two. The
tiles were then ﬁred to cone six in oxidation.
Colorant concentration. Compound two and the aluminum
oxide/compound two mix were incorporated into base glaze
without whiting substituting aluminum oxide for zinc oxide in
acid at concentrations of 2%, 4%, and 6%. The tiles were then
ﬁred to cone six in oxidation. This test was then repeated in
the presence of argon, where a thin metal needle was inserted
in the base of the kiln to provide a steady stream of argon
throughout the ﬁring process.
Addition of silicon carbide, activated carbon, and zinc
powder. Silicon carbide and activated carbon were incorporated
into the glaze at 2%. Both base glaze and base glaze without
whiting substituting aluminum oxide for zinc oxide were tested
using either additive at 2% and colorant at 10%. Zinc powder
was also used to replace zinc oxide in base glaze and base glaze
without whiting. All tiles were then ﬁred in oxidation to cone
6.
Reduction preparation. Seventy-two tests were carried out
for the reduction ﬁre. The glazes used were base glaze in water
and acid, base glaze without whiting in water and acid, base
glaze with aluminum oxide, and base glaze without whiting
with aluminum oxide. A series of colorants were tested with
each glaze: compound one, compound two, unﬁred and ﬁred
aluminum oxide/compound one, unﬁred and ﬁred aluminum
oxide/compound two, molybdenum oxide, ﬁred and unﬁred
aluminum oxide/molybdenum oxide, a yellow tungsten ion,
and a yellow molybdenum oxide ion. Stains were also made
with compound one, compound two, and molybdenum oxide
in both acid and water. These glazes were applied to test plates
and ﬁred to just under cone 6 over a period of four hours with
heavy reduction at cone 08 and at cone 4.
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